MCM-41-type mesoporous silica was used as a support for poly(furfuryl alcohol) deposition. This material was produced by precipitation-polycondensation of furfuryl alcohol (FA) in aqueous slurry of the SiO 2 support followed by controlled partial carbonization. By tuning the FA/MCM-41 mass ratio in the reaction mixture, various amounts of polymer particles were introduced on the inner and outer surface of the MCM support. The thermal decomposition of the PFA/MCM-41 composites was studied by thermogravimetry (TG) and spectroscopic techniques (DRIFT, XPS), whereas the evolution of textural parameters with increasing polymer content was investigated using low-temperature adsorption of nitrogen. The mechanism of thermal transformations of PFA deposited on the MCM-41 surface was discussed in detail. It was found that heating at a temperature of about 523 K resulted in opening of the furan rings and the formation of γ-diketone moieties, which were found to be * Corresponding author. Tel. +48-12-6632006; fax +48-12-6340515. E-mail address: kustrows@chemia.uj.edu.pl 2 the highest effective surface species for the adsorption of polar volatile organic compounds. A further increase in calcination temperature caused a drop in the amounts of surface carbonyls and the appearance of condensed aromatic domains.
styrenesulfonic acid grafted by this route on SBA-15 silica appeared to be an active catalyst of esterification processes [55, 56] . Although there are a few papers dealing with using the ATRP method for the modification of SBA-15, silica materials exhibiting narrower pores (e.g.
MCM-41) have been much less studied.
Our goal is the investigation of the carbon surface, efficient in adsorption of VOCs, obtained by the deposition of polymeric species (PFA-derived) on mesoporous MCM-41 support, followed by partial carbonization, to avoid the diffusion limitations typical for commercial microporous ACs. MCM-41 with deposited carbon has smaller pores but larger than microporous PFA-based carbon alone and shows higher adsorption of polar volatile organic compound. On the other hand, the proposed synthesis route allows to omit the complicated methods of mesoporous PFA-based carbon synthesis reported earlier [57, 58] . In this work, we propose a new, simplified method for the synthesis of poly(furfuryl alcohol)-derived carbon supported on mesoporous MCM-41 silica molecular sieve. Various amounts of polymer were introduced by acid-catalyzed precipitation-polycondensation of FA in aqueous slurry of the support, followed by partial carbonization. Thermally degraded PFA supported on the mesoporous silica appeared to be an efficient adsorbent of methyl-ethyl ketone (MEK) vapour. To understand the role of the different types of surface species, formed during PFA decomposition, on the adsorption capacity of MEK we investigated the mechanism of lowtemperature transformations of bulky PFA and silica-supported polymer. For this purpose, thermogravimetry coupled with IR (TG/DTG/FT-IR), DRIFT and XPS measurements were performed. 5 
Experimental

Synthesis
Mesoporous MCM-41 molecular sieve was synthesized using a molar gel composition: were mixed in a 1000 ml beaker and stirred for 30 min at room temperature. Then, 48.6 ml of TEOS (98%, Aldrich) was added dropwise. Next, the resulting white suspension was stirred for 1 h. Subsequently, the product was filtered, washed with distilled water and dried at 295 K for 48 h. Finally, the organic template was removed by calcination of the material at 825 K for 8 h at a heating rate of 1 K/min. The low-angle XRD pattern of calcined MCM-41 shows the characteristics of a highly ordered hexagonal structure (p6mm) with a cell parameter equal to Reference polymer materials were synthesized by the same procedure without using a silica support.
Characterization
Powder X-ray diffraction measurements were performed using Bruker D2 Phaser equipped 
Adsorption tests
An amount of ca. 50 mg of sample was weighted in a stainless steel sample cell with a total volume of 1.2 ml. The sample cell was placed in an oven. The constant flow of carrier gas (N 2 , 20 ml/min) was passed through the adsorbent bed and the cell was heated up to 423 K for 0.5 h (an outgassing step). Then, the sample cell was weighted again in order to determine the exact mass of outgassed sample and placed back in the oven kept at 313 K. Subsequently, the flow of carrier gas (N 2 , 20 ml/min), saturated with methyl-ethyl ketone vapor, was passed by the adsorbent at 323 K until the flame ionization detector (FID) signal reached a plateau. In the next step, the dosage of MEK was interrupted and the system was purged with pure carrier totally filled the mesopore system and/or blocked the pore mouths. Furthermore, the deposition of polymer species on the MCM-41 surface followed by partial carbonization resulted in a gradual decrease in the pore size (Fig. 2B) as well as the BET surface area and total pore volume ( Fig. 3 and Table 1S ). A linear correlation between the PFA content and the total pore volume of the material was found. Extrapolation of these values for V total →0 allows us to conclude that the blockage of the pore system by formed polymer would be observed at the real PFA/MCM-41 mass ratio between 0.5 and 0.6. In spite of mouths of a few pores can be blocked by the PFA particles, the chemical composition and textural properties as well as the collected TEM images (Fig. 4 ) confirm homogeneous dispersion of precipitated PFA on the complete surface (both outer and inner) of the silica support. The phenomenon of gradual filling of the silica mesochannels with organic species was reported earlier by several authors [59, 60] . The described approach to the calculation of the polymer layer thickness inspired us to determine the thickness of PFA film deposited on the MCM-41 surface. 
Adsorption capacity of partially carbonized PFA/MCM-41 composites
The synthesized calcined-PFA/MCM-41 composites were tested as adsorbents of methylethyl ketone vapor chosen as a representative molecule of polar derivatives of hydrocarbons.
The measurements were performed in the dynamic adsorption system with the determination of amount of MEK adsorbed by temperature-programmed desorption (TPD). It was found that two parameters, namely the content of carbonaceous species and temperature of thermal treatment, affect strongly the adsorption properties of the calcined-PFA/MCM-41 composites.
We observed that the MCM-41 modified with small amounts of PFA exhibits higher adsorption capacity compared to the pristine silica (Fig. 5B) . On the contrary, the introduction of larger amounts of polymer species into the pore system of MCM-41 support results in blocking of the pore system and ipso facto reduction of the accessibility of the inner adsorption centers, as is confirmed by the textural parameters ( Fig. 3 and Table 1 ). Therefore, we chose the PFA0.4/MCM-41 sample to investigate the influence of temperature of the heat treatment on the adsorption capacity (Fig. 5A ). It can be seen that the calcination temperature plays a crucial role in tuning the adsorption properties. It is noticed that the material calcined at 523 K shows the best adsorption capacity of 0.29 g MEK /g ads , which is about 26% higher than that measured for the unmodified support. It should be noticed that the adsorption capacity of bulky PFA calcined at the same temperature is below the detection limit. The unsupported polymer exhibits an increase in the adsorption efficiency after carbonization at temperatures above 700 K, while an opposite effect is observed for the composite samples.
This fact suggests that bulky PFA calcined at elevated temperatures forms a type of carbon microstructure that is efficient in the removal of organic molecules from the gas phase. The low-temperature adsorption of N 2 showed (cf. Fig. S4 , Supplementary information) that the bulky PFA becomes a porous material after carbonization at temperature of 773 K or higher.
On the other hand, in the case of the PFA/MCM-41 composites the appearance of specific 11 surface species exhibiting a high affinity to MEK is expected after the thermal treatment at 523 K.
Thermal stability of PFA deposited on MCM-41 support
In order to recognize the mechanism of thermal decomposition of deposited polymer, bulky PFA and the PFA/MCM-41 composites were studied by thermal analysis in inert atmosphere.
The collected thermograms are shown in Fig. 6A . Fig. 6B ). In the first decomposition step, the emission of CO x and H 2 O starts at lower temperature both the PFA/MCM-41 composites than for unsupported PFA (cf. Fig. 6B ). In the subsequent step, starting above 540 K, the emission of small amounts of methane is found. This effect is much weaker compared to that observed for the bulk polymer. Contrary to the bulky PFA, the emission of CO x and H 2 O at higher temperatures (above 700 K) is kept on a constant level. It can be therefore concluded that PFA supported on MCM-41 exhibits lower thermal stability regardless of the polymer content in the composite. This effect, probably caused by the relatively easy furan ring-opening occurring during the decomposition of polymer deposited on the silica surface, is opposite to that reported by Guigo et al. [36] . However, the thermal stability of the hybrid PFA/silica materials discussed in [36] cannot be simply compared to that of the composites presented herein. The samples studied by Guigo et al. [36] were prepared by simultaneous inorganic mesophase formation and furfuryl alcohol polycondensation. Finally, they obtained materials composed of nanometric clusters branched together through condensation reaction to form the 3D organic-inorganic network. In our synthesis, PFA is introduced by the post-synthesis modification of MCM-41: the prepared silica support is gradually coated with the 2D PFA layers by the precipitation polycondensation of furfuryl alcohol in a water slurry of silica.
Thus, Guigo et al. [36] discussed the thermal behavior of non-porous, bulky sample, whereas our composites exhibit porosity. It should be therefore assumed that the bulky PFA/silica 13 composite may show some differences in the thermal stability compared to the thin layers of PFA deposited on the mesoporous silica support as we proved.
Mechanism of PFA decomposition
A type of polymeric species evolved on the mesoporous silica was identified by spectroscopic techniques. The DRIFT spectra collected for bulky PFA as well as the PFA0.4/MCM-41 and PFA1.0/MCM-41 composites calcined at elevated temperatures showed that many of the absorption bands characteristics for PFA are still present (Fig. S5, Supplementary   information ).
The main characteristic peaks for neat PFA (Fig. S5, A indicates the presence of carbonyl groups (stretching vibrations). These groups appear as a result of acid-catalyzed ring opening of furan rings [62] . In this process, γ-diketone species are formed by the electrophilic attack of water molecules being a by-product of FA polycondensation on furan ring in the polymer chain. Increasing the heat treatment temperature to 523-673 K we find the main differences in the region of carbonyl (1709 cm -1 )
and aliphatic -CH and -CH 2 stretching vibrations (2970, 2921 and 2850 cm -1 ). The relative intensity of these bands gradually decreases, while the intensity of aromatic C=C band (1600 cm -1 ) clearly increases. These effects are due to the decomposition of oxygen-containing groups connected with loss of carbon oxides and water resulting in the formation of 14 condensed aromatic species. Thus, we can conclude that polyaromatic domains and partially decomposed polymer chains coexist in the samples thermally treated in the temperature range of 523-673 K.
The DRIFT spectrum collected for both PFA0.4/MCM-41 and PFA1.0/MCM-41 composites demonstrates the presence of characteristic bands of both the components, silica and poly(furfuryl alcohol) (Fig. S5, B and C) . The sharp band at 3744 cm -1 is ascribed to the stretching vibrations of terminal surface silanol groups, the broad band at 3000-3750 cm -1 proves the presence of hydrogen bridges between the adjacent silanol groups. It is noteworthy that in case of the sample decorated with low PFA amount the intensity of the band at 3744 cm -1 increases with the calcination temperature, while the decrease in the intensity of the band at 3000-3750 cm -1 is observed. This effect is ascribed to the decay of hydrogen bridges between adjacent silanol surface groups and a consequent formation of terminal silanol groups. The bands at 1000-1250 cm -1 and 800 cm -1 are assigned to Si-O stretching vibrations, whereas the absorption at 963 cm -1 corresponds to Si-OH stretching vibrations. The unexpected evolution of the aliphatic stretching -CH and -CH 2 (2970, 2921 and 2850 cm -1 ) is noticed. As seen, the intensity of these bands increases significantly for the composite calcined at temperature up to 523 K. We ascribed this effect to opening the furan ring and the formation of γ-diketone moieties. The thermal treatment at higher temperature causes a gradual decrease in amounts of aliphatic carbon and deeper carbonization connected with the creation of higher condensed polyunsaturated graphite-like species [63] [64] [65] [66] [67] [68] . This conclusion is strongly supported by the foregoing TG-FTIR studies.
The TG and FITR results are also reflected in the XPS spectra. The XPS spectrum collected for the PFA0.4/MCM-41 composite after heat treatment at 473 K (Fig. S6 , Supplementary information) shows changes in the distribution of species present on the composite's surface (Table 1) . A slight decrease in the amount of silicon dioxide is measured, which is caused by 15 the appearance of more condensed, dehydrated and partially degraded PFA covering the inorganic support and hindering the X-ray penetration. The highest content of C=O species is detected after the thermal treatment at 523 K. A raise of the calcination temperature to 573-673 K leads to further structural transformations of the polymer. Thus, a decrease in oxygen amount, related to presence of carbonyl groups and furan rings, is observed, additionally, furan rings begin to coalescence generating a condensed structure.
Taking into account the results of TG/DTG/FTIR, DRIFT and XPS measurements we propose the mechanism of the formation of carbonyl moieties during the synthesis at 373 K and further thermal transformation of PFA deposited on the MCM-41 silica as shown in Fig. 7 .
Evidently, the carbonyl groups existing on the sample surface can be considered as the most effective in the adsorption of MEK molecules. The maximum concentration of these carbonyl groups determined by the aforementioned methods was observed after the calcination at 523 K. Therefore, the increase in the thermal treatment temperature above 523 K, causing the effect of surface C=O decomposition, is undesirable. An active role of carbonyl species in the MEK adsorption was confirmed earlier by Monte Carlo simulations [69] . This effect was explained by the charge-dipole interactions, which are attributed to the high dipole moment of the MEK molecule, as well as the charge-induced dipole interactions due to the high polarizability of the MEK molecule.
Conclusion
The precipitation-polymerization is found to be an effective method of homogeneous introduction of poly(furfuryl alcohol) on the inner and outer surface of mesoporous MCM-41. 
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